Objective: Factors predicting poor outcome in patients with the reversible cerebral vasoconstriction syndrome (RCVS) have not been identified.
Over the last decade, the clinical and imaging features of reversible cerebral vasoconstriction syndrome (RCVS) have been extensively characterized [1] [2] [3] [4] [5] [6] [7] and distinguished from its historic mimic, primary angiitis of the CNS (PACNS). [7] [8] [9] Patients with RCVS invariably present with recurrent severe thunderclap headaches. One-third to half develop ischemic and hemorrhagic brain lesions, either alone or in combination. Despite the dramatic onset and frequently ominous cerebral angiographic appearance, over 90% have excellent clinical outcome. 2, 6 Yet studies that included a high proportion of inpatients have reported poor outcome (discharge modified Rankin Scale [mRS] score .3, including death) in 5%-14% of patients. 6, 10 Factors predicting clinical outcome in RCVS have not been adequately identified. 10, 11 We have reported an association between poor clinical outcome (mRS . 3) and glucocorticoid treatment, 6 ,7 which if confirmed has major clinical implications since glucocorticoids are frequently offered due to consideration of PACNS, a condition that warrants prompt initiation of long-term immunosuppressive treatment. Other RCVS studies have shown an association between transfemoral cerebral angiography and transient worsening, 2 or the development of infarcts and transient/permanent worsening. 10 Vasoconstrictive drugs such as serotonergic antidepressants have been consistently identified as triggers of RCVS 2, 6, 7, 12 and may worsen vasospasm in the setting of aneurysmal subarachnoid hemorrhage 13, 14 ; however, their contribution to RCVS-related worsening is uncertain. On the other hand, case reports have suggested a therapeutic role for calcium channel blockers and intra-arterial vasodilator infusions. [15] [16] [17] We designed this study to identify predictors and mechanisms of clinical and radiologic worsening in RCVS.
METHODS Standard protocol approvals, registrations, and patient consents. This retrospective study was approved by our Institutional Human Research Committee.
We included 162 patients with RCVS encountered at Massachusetts General Hospital from 1998 to 2016. The clinical imaging features of the first 159 patients have been published. 6, 7 The diagnosis was established as follows: vasoconstriction reversibility was documented in 128 patients. An additional 30 patients developed typical thunderclap headaches, had evidence for segmental cerebral artery narrowing, and had a self-limited clinical course with no recurrences during follow-up. The final 4 patients had typical clinical presentations but died during hospitalization; 2 had normal cerebral arteries (no vasculitis) on autopsy and 2 had immediate angiographic resolution upon intra-arterial vasodilator infusion, consistent with RCVS.
We reviewed hospital records to extract information on demographics, triggers, medical history, neurologic deficits, daily clinical events, and laboratory results. Clinical worsening was defined as the development of new persistent focal or cognitive deficits or abrupt worsening of existing deficits. Expected evolution of baseline deficits, recurrent thunderclap headache, and transient neurologic spells (including seizures) with prompt return to baseline function were not included.
Radiologic worsening was defined as the occurrence of a new lesion on any follow-up brain scan. Lesions types were infarction, intracerebral hemorrhage (ICH), convexal subarachnoid hemorrhage (cSAH), and vasogenic edema (i.e., lesions consistent with the posterior reversible leukoencephalopathy syndrome [PRES] 18 ). For new infarcts and new vasogenic edema, given the low sensitivity of head CT, we used only the baseline MRI scan for comparison. We were careful to distinguish lesion progression (e.g., hematoma expansion) from new lesions.
The results of follow-up cerebral angiograms (digital subtraction cerebral angiogram [DSA], CT angiogram [CTA] , and magnetic resonance angiogram [MRA] , in order of preference) performed within 30 days after baseline were categorized as initially worsened, improved, or stable as compared to the immediately prior study based on the overall angiographic appearance. Angiographic categorization was completed without knowledge of treatment and prior to data analysis; moreover, the unbiased real-time clinical neuroradiology interpretations were considered for this categorization. Vasoconstriction severity scores, 7 though useful for quantifying distribution and overall severity, were not used to assess progression since they are insensitive to change (e.g., caliber reduction along a greater length of the same arterial segment would not score differently). Categorical data were analyzed using the x 2 , Fisher exact test, Student t test, or Mann-Whitney U test. A value of p , 0.05 was considered significant. Data are presented as mean (SD). Univariable analysis was performed to identify predictors of worsening. Multivariable regression models were created based on results of the univariable analysis to identify independent predictors of clinical, radiologic, and angiographic worsening and poor outcome (discharge mRS 4-6). For clinical worsening and poor outcome, to avoid overfitting due to the small number of outcome events, we created separate models for baseline factors and treatments. Odds ratios and 95% confidence intervals were computed. Further analysis focused on whether the worsening occurred before or after exposure to identified predictors. SPSS version 21 (SPSS Inc., Chicago, IL) was used for analyses.
RESULTS
The mean age was 44 6 13 years, 78% women. A case example of clinical, radiologic, and angiographic worsening is shown in figure 1 .
Clinical worsening occurred in 23 patients (14%) at an average of 6.6 6 4.1 days (range 1-14 days) after onset of the first RCVS symptom, invariably thunderclap headache. As shown in table 1, patients with clinical worsening were almost all women, with higher rates of hypertension, depression, and exposure to serotonergic antidepressants. Patients who worsened had more infarcts and fewer cSAH on the admission scan. Clinical worsening was associated with new brain infarcts (from 44% to 70%) on follow-up imaging, and more severe as well as more diffuse vasoconstriction as evidenced by the greater frequency of involvement of the intracranial internal carotid, anterior cerebral, and vertebro-basilar arteries. Patients with worsening received significantly higher rates of treatment with intra-arterial vasodilators and immunosuppressive agents such as cyclophosphamide and glucocorticoids. They had a significantly longer duration of hospitalization and worse discharge outcomes.
Radiologic worsening occurred in 44 patients (27%) (table 2). New lesions comprised isolated infarctions in 19 patients, isolated cSAH in 8, isolated vasogenic edema in 4, isolated ICH in 2, and lesion combinations in 11. Overall, new infarctions were observed in 27 patients (61.3%) with radiologic worsening. The group with radiologic worsening was significantly older by an average of 5 years, and had more women and Hispanics. As with the clinical worsening group, they had significantly more infarctions on admission scans, accumulated more infarctions over time, showed more severe and more diffuse vasoconstriction, received more treatment, and had a longer length of stay and worse discharge outcomes. These findings were mainly driven by the subset of 27 patients with new infarctions (table 2) .
In order to investigate mechanisms underlying clinical and radiologic worsening, we analyzed angiographic changes. The mean time from symptom onset to first cerebral angiography was 2.8 6 0.7 days. A total of 62 patients (41%) underwent DSA, the rest CTA/MRA. To investigate angiographic progression, we analyzed serial angiographic studies performed within the first month after onset. A total of 110 (68%) patients underwent 462 angiograms within 30 days. Of these, 25 (15.4%) showed initial progression and 24 (15%) showed early reversal of vasoconstriction. No significant change in the overall angiographic appearance was seen in 61 (38%) patients; however, 19 showed involvement of different arterial segments on follow-up, consistent with the dynamic nature of angiographic changes in RCVS. As compared to patients with stable or improving angiographic results, patients with angiographic worsening had significantly higher rates of clinical worsening (44% vs 12%, p , 0.001), new brain lesions (52% vs 24%, p 5 0.005), new infarctions (32% vs 14%, p 5 0.032), and new vasogenic edema (20% vs 4%, p 5 0.01), but not ICH (8% vs 3%, p 5 0.24) or cSAH (16% vs 8%, p 5 0.18). Patients with angiographic worsening had significantly higher rates Figure 1 Clinical, radiologic, and angiographic worsening in reversible cerebral vasoconstriction syndrome (RCVS)
A 43-year-old woman with malabsorption syndrome, on parental nutrition, was hospitalized for treatment of port-a-cath infection. On day 2, she developed a thunderclap headache. Head CT and CSF examination were normal. Hydrocortisone 100 mg three times daily was administered for suspected adrenal insufficiency and sepsis. On of prior serotonergic antidepressant use (56% vs 31%, p 5 0.015) and underlying depression (72% vs 36%, p 5 0.001), and had higher rates of glucocorticoid (56% vs 23%, p 5 0.001), calcium channel blocker (72% vs 53%, p 5 0.07), and intra-arterial vasodilator (12% vs 3%, p 5 0.08) but not triptan therapy (8% vs 14%, p 5 0.33). However, there were no significant differences in final lesion types or discharge clinical outcome.
Results of the exploratory multivariable regression analyses are shown in table 3. Glucocorticoid treatment proved to be a strong independent predictor of all types of worsening. Infarction on baseline imaging predicted poor outcome, but not clinical or radiologic worsening. Inta-arterial vasodilator therapy independently predicted clinical worsening and poor discharge outcome. Serotonergic antidepressant use predicted clinical and angiographic worsening. Age and sex did not prove to be independent predictors of any type of worsening or discharge outcome.
Based on these results, we investigated the relationship and mechanisms of treatment-associated clinical worsening and poor discharge outcome. Glucocorticoids were administered to 46 (28%) patients. Thirtythree patients (72%) received glucocorticoids due to consideration of PACNS or to treat RCVS, and the rest for a variety of reasons (e.g., contrast allergy, asthma). Different forms were used: IV methylprednisolone followed by oral prednisone (n 5 17), IV methylprednisolone alone (n 5 8), oral prednisone alone (n 5 15), IV dexamethasone (n 5 4), and local injection (n 5 2). The mean time from symptom onset to glucocorticoid administration was 6.6 6 6.4 days (range 1-29 days). Of the 46 patients who received steroids, 17 (37%) showed persistent clinical worsening, 2 showed clinical improvement, and 27 showed no clinical change. Of 116 patients not treated with glucocorticoids, only 6 (5%) showed worsening (p , 0.001). Of the 23 patients with clinical worsening (17 with glucocorticoid use and 6 without), 14 (61%) developed new brain lesions including 11 new infarctions. Figure 2 shows the days from symptom onset to clinical worsening. Included are 5 patients who also received intra-arterial vasodilator treatment. Glucocorticoid treatment preceded clinical worsening by #2 days in all except 2 patients (one previously published 19 ) who had both initiated treatment 6 days prior to worsening. Baseline parenchymal imaging was normal in 35% of glucocorticoid-treated patients whereas all nontreated patients had abnormal baseline scans (p 5 0.14). There was no significant difference in the angiographic severity scores between patients treated and not treated with glucocorticoids (p 5 0.33). Among patients with clinical worsening, 47% of the glucocorticoid-treated group had discharge mRS 4-6, vs 17% in the nontreated group (p 5 0.3).
Intra-arterial vasodilator treatment was administered to 7 patients, including 5 who received concomitant glucocorticoids (figure 2). Three received nicardipine, 2 verapamil, 2 milrinone, and 1 papaverine. The angiographic response (prompt vasodilation) was uniform but often ill-sustained. 19 Four continued to deteriorate or showed no clinical improvement, and 3 improved. Finally, triptans were used in 21 (13%) patients to treat the onset headache. Four reported acute exacerbation of pain, 1 had seizures, 12 and 6 (29%) showed subsequent clinical worsening. DISCUSSION In this study, we provide important information about the frequency and characteristics of worsening in RCVS. There was a significant correlation among persistent clinical worsening, new radiologic lesions, and initial angiographic progression. Our results provide clarity on the influence of several baseline variables on worsening. Most importantly, we show that worsening often occurs after glucocorticoid initiation, and that therapeutic strategies such as calcium channel blockers and triptans are usually ineffective in treating headache or preventing clinical or radiologic complications. The effects of intraarterial vasodilator therapy seem variable; its role is discussed below.
Our results have profound implications on the existing approach to RCVS management. Although the vast majority of patients with RCVS have a selflimited course lasting days to weeks with benign outcome [1] [2] [3] [4] 6, 7 and good long-term prognosis, 20,21 the presence of widespread, severe angiographic abnormalities often prompts the administration of calcium channel blockers to address headaches or vasospasm, or pharmacologically induced hypertension in an attempt to improve cerebral perfusion. Glucocorticoids are often administered due to misdiagnosis as PACNS, or due to the fear of missing PACNS while awaiting angiographic reversibility to confirm the diagnosis of RCVS. 6, 19 While the authors have never treated RCVS with glucocorticoids, patients in this study were exposed prior to transfer or at our own hospital due to diagnostic uncertainties or for systemic indications (e.g., contrast allergy). Intra-arterial vasodilator infusion is frequently offered even in clinically stable patients to treat the angiographic findings; some centers advocate using this interventional procedure for early diagnosis based on the angiographic response to vasodilator infusion. 16, 22 We have recently shown that the diagnosis can be made with alacrity based on bedside clinical and brain imaging features alone 7, 23 and that our criteria have nearly 100% specificity in distinguishing RCVS from PACNS. 7 Hence, the use of potentially risky invasive procedures cannot be justified for diagnostic purposes, 24 particularly since the outcome is usually excellent. We show that in the event of diagnostic uncertainty or in patients with clinical stability or with minor/nonprogressive deficits, it is important to withhold glucocorticoids and catheter-based interventions. Symptomatic pain management, the removal of vasoconstrictive precipitants, and strategies to avoid the Valsalva maneuver (which can trigger recurrent thunderclap headaches) are typically adequate while awaiting the natural resolution of headache and vasoconstriction. 25 The management of patients with clinical progression remains challenging. Prior studies have shown that 16%-34% of patients develop transient neurologic deficits, including seizures, but fewer than 10% develop mild to moderate permanent deficits and only a minority show relentless progression that can be fatal. 2, 6, 10, 19, 26 Ideally, specific treatments should be targeted to patients with high likelihood for poor outcome. At present it is challenging to identify such patients and intervene before significant irreversible damage occurs. Our analysis focused on predicting poor discharge outcome, unlike prior studies that investigated predictors of any clinical worsening (transient or permanent). 10 We show that baseline infarction and glucocorticoid exposure are independent predictors of poor outcome. Patients with these features should be carefully monitored, preferably in an intensive care setting. Most such patients will declare clinical stability or improve in a few days. In the event of definite clinical or radiologic progression, glucocorticoids should be withheld but intra-arterial vasodilator treatment may still be considered on the basis of anecdotal case reports. 17, [27] [28] [29] Substantial clinical experience and judgment is required to determine the appropriate threshold for intervention.
In this study, some factors proved to be independent predictors of clinical or radiologic or angiographic worsening, but not poor clinical outcome. For example, serotonergic antidepressant use predicted clinical and angiographic worsening but exposed patients did not have significant disability at the time of discharge. This may suggest that their effects are mild, or that cessation (due to their acknowledged role as triggers) prevented any sustained effects. These findings are consistent with our prior study showing that selective serotonin reuptake inhibitors worsen vasospasm but not clinical outcome in patients with aneurysmal subarachnoid hemorrhage, 13 and another study where serotonergic antidepressants tended to predict symptomatic vasospasm but not clinical or radiologic complications after aneurysmal SAH.
14 Similarly, we found that triptans, which have serotonergic effects, showed no statistically significant effect on worsening but approximately half the patients developed new neurologic symptoms (increased pain, seizures, new deficits) after treatment. These data affirm the importance of withholding serotonergic agents in RCVS. 12 Whether they can be resumed after RCVS resolution is not clear. Further, these data support a pathophysiologic role of serotonergic mechanisms in triggering RCVS.
As in a prior study, 10 we found no association between clinical/radiologic worsening and factors such as age, sex, migraine, brain hemorrhage, or PRES on baseline imaging. In addition, these factors were not associated with poor outcome (table 3) . However, prior hypertension was associated with clinical worsening. We speculate that chronically hypertensive patients had greater susceptibility to cerebral ischemia due to underlying small-vessel disease, but did not develop infarction due to the dynamic changes in arterial caliber. Finally, it is important to note that cSAH and normal parenchymal imaging were associated with less clinical and radiologic worsening, and better outcomes. Patients with these features may not require intensive monitoring or prolonged observation. Our results provide insights about the mechanisms of worsening in RCVS. Patients with clinical worsening had new brain lesions (mainly infarcts), and those with angiographic progression had more clinical worsening as well as new infarcts and edema (PRES). These data confirm that worsening occurs due to angiographic progression, primarily due to new nonhemorrhagic lesions. Importantly, our study shows that hemorrhagic RCVS is not associated with poor outcome, unlike other conditions associated with lobar hemorrhage. Iatrogenic factors appear to play a major role. Glucocorticoids clearly do not prevent worsening, and may in fact induce worsening by potentiating the effects of vasoconstrictors such as norepinephrine, angiotensin II, endothelin, and others, as well as their direct actions on vascular smooth muscle cells. 30 The time course of such effects (hours to days) 30 correlates with our observation of worsening occurring within 2-6 days after treatment initiation in RCVS. These results are consistent with recent analyses showing a deleterious effect of glucocorticoid use (especially recent initiation) on stroke outcome. 31 The relatively large sample size, the availability of serial imaging data, and the correlation between different outcomes lends confidence to our results. The retrospective design is a limitation. The identified predictors could be validated in existing prospective datasets; however, prospective trials investigating the effects of glucocorticoids, serotonergic agents, or other potential predictors of poor outcome would be unethical. Due to the retrospective design, there was variability in the modality and timing of followup imaging studies and clinical selection bias in obtaining imaging follow-up. Though larger than other cohort studies, the number of exposures and outcome events were limited; hence we had to create multiple regression models for exploratory analyses. Finally, 30 patients had probable RCVS based on previously published criteria. 1 There was no significant difference in the percentage of patients with clinical, radiologic, or angiographic worsening between these and the remaining 132 patients (data not shown). Further, all 162 patients had one or more recently identified feature with 98%-100% specificity for the diagnosis of RCVS (e.g., recurrent thunderclap headaches, or a single thunderclap headache combined with normal neuroimaging, border zone infarcts, or vasogenic edema), 7 so using contemporary criteria the diagnosis is secure in our entire cohort.
Although prior publications have shown an association between glucocorticoids and poor outcome, 6, 7 these agents continue to be administered. The reasons are unclear, but may be related to underappreciation of prior results or skepticism because of possible selection bias-an issue we have directly addressed here. We are encouraged that the frequency of glucocorticoid treatment in our cohort has decreased from 32% to 19% after our 2011 publication. 6 We hope our results will inform the treating clinician about the appropriate management of RCVS. The focus should be on accurate bedside diagnosis using contemporary criteria, 7 after which less is more and primum non nocere should be the guiding principles.
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